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Agriculture and society are intertwined. Agriculture is necessary for human survival and social sustainability in India. 

Eco-friendly agriculture practices nurture ecosystems to solve current societal issues. Indian ecosystems are marred by 

pollution, imbalance, climate changes, food crisis, various diseases, and malnourishment continue as a major concern. The 

traditional environmental remedial strategies appear relatively ineffective in the ever-expanding use of pollutants that 

pervade the water, air, and soil environment. Nanotechnology provides an efficient, environmental friendly, and cost-

effective solutions to the global sustainability challenges that society is facing. Nanotechnology utilizes nanomaterials that 

have remarkable physical and chemical features to make smart functional materials for developing sustainable technologies. 

Nanotechnology seems to be very promising in sustainable environment development, sustainable agriculture, renewable 

and economically energy alternative through use of nanomaterials for detection, prevention, and removing pollutants. The 

development of nanotechnology in India has huge potential to address the challenges like providing drinking water, 

healthcare, nano-based industry, and sustainable agriculture. This review highlights the recent nanotechnology applications 

to meet the global challenges in providing clean energy technology, water purification, and greenhouse gases management. 

In addition, effort has been made to analyse the opportunities and limitations in engineered nanomaterials safety, solid waste 

management, reducing pollution of air water and soil. 
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Introduction 

Sustainable agriculture is the method to implement 

farming techniques that protect ecosystems, 

environment, and human health, and simultaneously 

produce adequate amount of agriculture products for 

social welfare
1
. Population growth and rapidly 

changing lifestyle are causing environmental 

implications such as increasing solid waste, air 

pollution, and contamination of surface and ground 

water across the world. The major environmental 

challenges of 21
st
 century are global warming, water 

and air pollution, and reduced energy supplies. 

Nanotechnology, a novel  branch of science of  dealing  

with the design, synthesis, characterization, and 

application of nano molecules could help in dealing 

with the pernicious effects of these challenges on the 

environment. Nanomaterials display significant 

physico-chemical assets that make them predominantly 

smart functional materials for creating sustainable 

technologies. Nanomaterials exhibit much larger and 

more reactive surface area when compared to bulk 

material which can be easily functionalized with the 

help of several chemical moieties that enhance their 

affinity toward a given molecule even in gases and 

dissolved solutes. The surface functionalization helps 

them to selectively target the key biochemical 

components and  facilitate metabolic  pathways as well  
as signalling networks of water-borne viruses and 
bacteria. Nanomaterials provide extraordinary 
opportunities to improve the activity of functional 
nanomaterials as they exhibit improved optical, 
electronic, magnetic, and catalytic properties. These 
innovative functional materials can be administered 
into numerous forms such as water-soluble particles, 
supramolecular hosts, particles, membranes, and fibres. 
In the past decade, this field of science has gained 
global attention and there has been an exponential 
increase in the global market of nanoparticle-based 
products with the market value expected to exceed $3 
trillion by the end of the decade. Indian innovators and 
industries too developing nano-based products which 
will make our country a global leader in this area. It has 
applications in diverse fields including medicine, 
energy production, textiles, food production, 
sustainable agriculture and packaging, electronics, 
cosmetics, bioremediation etc.  
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In addition to the above-mentioned challenges, 
changing weather patterns has also ledto significant 

loss of agricultural productivity and food security 
challenges. Moreover, unsystematic, and enhanced 

use of chemical fertilizers in agricultural practices 

without realizing their terrible environmental 
repercussions is leading to health issues at alarming 

rate. Researchers working in the fields of soil, air, and 
water remediation are extremely concerned and are 

concentrating their efforts on developing strategies, 

actions, and appropriate measures to reduce the  
usage of these chemical fertilizers. Globally, food 

production and distribution are under immense strain 
owing to the expanding population, climate change, 

pollution, and augmented water and energy demands
2
. 

Recently, environmental nanotechnology is emerging 

as a novel tool which has influenced every sphere of 

life and provides key solutions to environmental 
challenges using nanomaterials. It holds the capability 

to revolutionize the agricultural practices with unique 
tools for molecular treatment of diseases, prompt 

detection of disease and augmenting plant’s ability for 

nutrient absorption thereby enhancing the agricultural 
output. Nanotechnology will not only reinforce the 

grasp of agribusiness over global food but would also 
improve the farming practices at every stage ranging 

from providing the food to hungry and protection of 
environment thus providing the consumers with better 

alternatives. Nano-agriculture would take the 

industrial food chain a step farther by allowing 
nanoscale genetic manipulation of genetically 

modified plants. Similarly, nano-pesticides can be 
designed to eliminate specific undesirable pests. With 

the use of nanosensors, nano-delivery systems, and 

low-cost labour, vision of an automated agriculture 
can now be realized. Creating a bioeconomy is a 

difficult and complicated process requiring the 
amalgamation of several disciplines of science

3
. 

Therefore, this novel branch of nanoscience may have 
significant impact on making the agriculture more 

sustainable with the early diagnosis of plant-disease, 

use of nanofertilizers, nanopesticides, nanosensors for 
plant health and pest monitoring, and nano-enabled 

remediation of contaminated soil and water
4-8

 
(Fig. 1). The large-scale statistical analysis has also 

revealed the need for alternative economical sources 

of energy,posing the issue as a global concern. 
It is good that the exceptional physicochemical 

properties of these nanomaterials are gaining 

attention, but the scientific community needs to look 

at the safety and sustainability of this new technology. 

There is no suspicion that nanotechnology will 

continue to assist scientific tools for the benefit of the 

environment, but choosing the correct nanomaterial is 

the key for the successful direction of this technology 

for its future endeavours. The challenge to the usage 

of nanotechnology lies in the ability of the research 

community to understand available environmental and 

health risks involved with the use of nanomaterials. 

To provide a regulatory framework it is imperative to 

understand the toxicity cycle of nanomaterials from 

production till disposal. Recent interventions has led 

to development of the new branch of science called 

nanotoxicology which evaluates the fate, behaviour, 

prospective interactions and effect of engineered 

nanomaterials on the environment and health. It also 

attempts to invite proactive strategic planning for their 

safe use. 

The recent advancements in the nanotechnological 
applications to ameliorate the global challenges in 
providing clean and efficient energy technologies, 
water purification, materials supply as well as 
utilization, green technology and greenhouse gases 
management. In addition, the key applications of 

nanotechnology for the benefit of the environment 
andthe major grey areas in the field of 
nanotechnology along with the future perspectives are 
highlighted. Environmental nanotechnology seems to 
be very promising in sustainable environment 
development through use of nanomaterials for 

detection, prevention, and removing pollutants.  
In addition, designing industrial processes and 

 
 

Fig. 1 — The role of environmental nanotechnology in different 

sectors 
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production of eco-friendly products using 
environmental nanotechnology have impacted. Nearly 
all spheres of life has come under the influence of 
environmental nanotechnology, as it appears to have 
solutions for nearly all the environmental problems. 

The hazards and safety of life are the key bottlenecks 
of using environmental nanotechnology, as the 
nanomaterials utilized may stay suspended in the air 
for a long period, posing the risk of build-up, easy 
absorption, and damage to living beings. This review 
is an effort to critically analyse the opportunities and 

limitations of environmental nanotechnology in solid 
waste management, controlling and reducing air, 
water and soil pollution and engineered nanomaterials 
safety. 
 

Positive implications of nanomaterials 

Nanotechnology has the potential to provide 

economic, social, and environmental advantages. 

Environmental nanotechnology has a significant 

impact on many aspects of environmental challenges, 

from identifying the root causes to develop new 

remedies. Nanotechnology could lessen human 

impact on the environment by offering solutions for 

energy consumption, pollution, and green gas 

emissions
9
. It proposes the potential for significant 

environmental benefits that include cleaner, more 

efficient industrial processes; enhanced ability to 

detect and eliminate pollution to enhance air, water, 

and soil quality; reduction of waste by high precision 

manufacturing; efficient and non-polluting power 

sources like solar cells;elimination of greenhouse 

gases and other pollutants from 

atmosphere;diminished necessity for large industrial 

plants and remediation of environmental impairments. 
 

Nanomaterials for sustainable environment  
 

Carbon capture, an alternative to combat global warming 

In general, much of the energy used in industry is 

created by burning of fossil fuels, thus releasing 

significant volumes of carbon dioxide into the 

atmosphere which would further contribute to the 

global climate change issue
10

. Amongst the variety  

of CO2 capture methods (absorption, adsorption, 

cryogenics, and membranes) investigated, 

adsorption regeneration technology is the well 

documented and established process
11-12

. Previously, 

adsorbents like activated carbon, zeolites, and silica 

adsorbents were employed. However, owing to their 

unique qualities like excellent thermal and chemical 

stability, adsorbents such as functionalized single-

walled carbon nanotubes (CNTs) and multiwalled 

CNTs have recently garnered interest for CO2 

capture
13-14

. 
 

Remediation of Environmental pollutants  

Recently, nanotechnology has been explored to 

provide state of the art technologies for encountering 

major environmental concerns in a sustainable way. 

Global warming, environmental pollution, and depleting 

energy resources are the most critical environmental 

concerns confronting the earth today
5
. Environmental 

nanotechnology growing popularity and relevance for 

pollution reduction, prevention, and restoration of 

environment involves two approaches viz., cleaning up 

the environment and detecting contaminants. 

Nanotechnology can help in reducing the pollution 

via better utilization of less hazardous raw materials, 

by using other renewable energy resources and 

prevention of contaminants during manufacturing 

operations. Significant advancements in the field of 

environmental nanotechnology include better 

alternatives for environmental sensing, pollution 

reduction, waste treatment/remediation, and the 

generation of cost-effective energy sources such as 

solar and fuel cells
15

. Applications of Nanotechnology 

for environmental remediation as well as alternate 

energy sources are briefly reviewed. 
 

Air pollution remediation  

The degradation of air quality has become a major 

environmental threat, and nanomaterials are being 

used extensively to mitigate the challenge. 

Advancements in nano research has led to innovative, 

efficient, affordable methods for remediation of 

pollutants present in air, water and soil. One such 

method for elimination of air pollutants is to  

utilize nano-catalysts with a larger surface area for 

gaseous reactions. In environmental nanotechnology 

remediation operations both natural and engineered 

nanoparticles are being utilized (Fig. 2). Catalysts 

made from these nanoparticles provides larger surface 

area for interaction with the reacting chemicals which 

in turn enhances their efficacy. Nano-catalysts operate 

by hastening chemical processes that convert toxic 

vapours emitted by automobiles and industrial 

facilities into nontoxic gases
16

. Silver nanoclusters 

utilized as catalysts could drastically minimize the 

hazardous byproducts produced during the 

manufacturing process of propylene oxide, a 

substance being employed for synthesis of everyday 

items including plastics, paint, detergents, and brake 

fluid. A nanofiber catalyst composed of manganese 
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oxide is now in use to remove volatile organic 

compounds produced from industrial smokestacks. 

Additionally, investigations are being carried out to 

enhance the performance of catalysts that could assist in 

minimizing the impact of air pollution from industrial 

plants, cars, air conditioners into harmless gasses
15

.  

Another approach involves the use of 

nanostructured membranes with tiny pores to 

sequester methane or carbon dioxide from exhaust. 

Interestingly, it has been reported that carbon 

nanotubes (CNTs) could trap gases up to hundred 

times more efficiently than the previous technologies, 

allowing them to being employed for large-scale 

industrial processes and power plants. Unlike 

traditional membranes, this novel technology could 

successfully process as well as separate vast quantities 

of gases. It was discovered in 2006 that it was 

possible to gather soot filtered out of diesel fuel 

emissions and recycle it into CNTs manufacturing 

material
17

. The diesel soot is utilized to synthesize a 

single walled CNTs filter using laser vaporization, so 

that the filtered waste effectively becomes the filter 

itself. Similarly, nanosized catalysts and nanostructure 

membranes are efficiently utilized to minimize air 

pollution. Membranes coated with nanomaterials like 

Graphene Oxide are extensively employed for 

filtration of pollutants from the air.  
 

Remediation of soil contaminants  

Recently, nanotechnology is being used for 

remediation of soil. Zero valent iron nanoparticles 

(nZVI) are coming up as a promising solution  

for the eradication of polluted soils, particularly for 

removal of polychlorinated biphenyls
15

. Previously, 

conventional approaches like incineration, landfill 

disposal, thermal desorption, solvent extraction, and 

soil washing were employed as soil remediation 

technologies. However, despite their wide usage, 

these physicochemical remedial technologies like 

incineration and landfill disposal remains disruptive 

and unsustainable. To tackle the issues concerning the 

restricted mobility of nanoparticles, nZVI created by 

reducing ferric chloride solution with sodium 

borohydride were used for in-situ transformation and 

eventual eradication of the pollutants from soil
18

.  

Organo-phosphorous pesticides are used as an 

insecticide on fruits and vegetables and are of great 

environmental concern, primarily because of their 

toxicity to mammals and birds
15,19

. Reports have 

shown that iron nanoparticles (1-10 μg
1

) have been 

engaged for restoration of Organo-phosphorous 

pesticides contaminated soil. Malathion was found in 

the soil after leaching into the water with a pH of  

8.2 and then oxidised with a small excess of  

N-bromosuccinimide (NBS). The unutilized NBS was 

calculated by monitoring the decline in rhodamine B 

colour intensity
19

. The Attenuated Total Reflectance 

Fourier Transform Infrared Spectroscopy was used to 

monitor the degradation product generated during the 

oxidation of Malathion by nZVI.  
 

Water contamination remediation  

Nanotechnology, a revolutionary technique has 
been employed for water purification since 1990s. 

 
 

Fig. 2 —Different types of nanoparticles used in environmental nanotechnology 
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The technology is being used in detection as well  
as treatment of hazardous contaminants/impurities  
in water

4,20
. A major issue is the removal of industrial 

waste pollutants and cleaning solvents 
(trichloroethylene) which accumulates in river and 

groundwater. Nanoparticles can catalyse and detoxify 
trichloroethene, a hazardous contaminant often 
encountered in industrial effluent. Through chemical 
reactions, hazardous contaminants in water could be 
transformed into non-toxic compounds. Gillham for 
the first time employed ZVI in permeable reactive 

barriers (PRB), based on his experience with the use 
of zero valence iron in the purification of waters 
containing halogenated pollutants

21
. The application 

of zero-valent iron (ZVI or Fe0) for in-situ remedial 
treatment has been extended to encompass diverse 
pollutants. To allow remediation of various organic 

and inorganic groundwater contaminants it is 
suggested that nanomaterials should be efficient as 
hydro-dehalogenation and reduction catalysts

22
. ZVI 

have been utilized for in redox reactions for reduction 
of chromium to Cr (III) and Pb to Pb (0) thus allowing 
reduction of aqueous contaminants. Iron nanoparticles 

have the potential of cleaning up organic solvents that 
pollute the groundwater by spreading over the water 
body and decomposing the organic solvent

15
.  

Further, semi-permeable membranes have been 
used in traditional water filtration systems via 
electrodialysis or reverse osmosis. Reducing the 

membrane pore size to nanometer range would 
enhance the selectivity of molecules permitted to flow 
through. Recently, researchers have developed a thin 
film membrane with nanopores that can efficiently 
desalinate water. Membranes capable of filtering 
viruses are already accessible

23
. Ion exchange 

nanoresins, which are organic polymer substrates with 
nano-sized pores on the surface where ions are 
trapped and exchanged for other ions, are also 
commonly employed in separation, purification, and 
decontamination of water. These resins are generally 
employed in water softening and purification. 

Moreover, unique nanoparticles on filtration 
membranes could convert the contaminating 
chemicals into harmless product thus improving the 
quality of water. Nanotechnology has proven to be 
highly effective in reaching contaminants dispersed in 
underground ponds and is cheaper than methods 

which require pumping the water out of the ground 
for treatment. The technique of deionization 
exploiting nano-sized fibre as an electrode is not only 
less expensive, but also highly energy efficient

18
.  

Nano-fertilizers for enhanced productivity 

Massive rise in crop productivity over the last few 

decades has played a vital role in satisfying the 

world's nutritional requirements. This surplus 

productivity is the result of the increased usage of 

chemical fertilizers. However, these chemical 

fertilizers have lesser usage efficiency owing to their 

volatilization and leaching, ultimately leading to 

environmental pollution and higher production cost. 

This issue has raised concern in scientific community 

to find a better and sustainable alternative to enhance 

the nutrient availability to crops. To our surprise, 

nanotechnology has been successfully utilized to 

decrease mobile nutrient losses, produce slow-release 

fertilizers, and increase the availability of nutrients 

that are generally not readily absorbed. 

Nanofertilizers include the nanomaterials which either 

act as nutrients or carriers/encapsulating agent for 

improving the nutrients accessibility
3
. Contrary to 

conventional fertilizers these nanofertilizers are cost 

effective, allows better nutrient uptake via nanometric 

pores, and enhance the plant metabolism thereby 

contributing to agricultural sustainability. Studies 

have shown that in soybeans, use of phosphatic 

nanofertilizers has led to a 32% increase in growth 

rate and 20% rise in seed production in comparison 

with traditional fertilizers
24

. Moreover, nano-enabled 

fertilizers also facilitate controlled and slow release of 

nutrients as and when needed by plants thus limiting 

the conversion of surplus fertilizers to volatile forms 

or preventing their leakage in environment
25

. Clay 

minerals, hydroxyapatite, chitosan, polyacrylic acid, 

zeolite, and other nanostructured materials are utilized 

to create fertilizers nano formulations for soil or foliar 

applications. Nano Urea developed by nano 

formulations is liquid fertilizer given to plants by 

foliar spray. Through stomata and other opening urea 

enter in to plants distributed via phloem as per 

requirement, additional nitrogen gets assimilated in 

vacuoles and is released gradually. The additional 

advantage of nano fertilizers are an efficient delivery 

mechanism which is missing in other biofertilizers. 
 

Nano-pesticides and nanobiosensors 

Fabrication of novel, efficient, and target-specific 

pesticides is a constant process which in turn has 

major implications on the food chain (in pesticides, 

vaccines, veterinary medicine, and nutritionally 

enhanced food), and human health
2
. Excessive and 

non-targeted use of pesticides has led to expansion of 

pesticide resistance in weeds, insects, and pathogens. 
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Although biopesticides tend to lessen the toxic effects 

of synthetic pesticides, however their application is 

limited due to their slow and environment-dependent 

efficacy against pests. Interestingly, nanopesticides 

have the potential to circumvent these constraints by 

improving the pesticide efficiency, agricultural 

production and by reducing the input costs through 

waste and labour reduction. Development of smart 

nanosensors and nanopesticides delivery systems with 

enhanced effectiveness and requirement in lower 

dosages, will aid the agriculture industry to combat 

viruses and pests. Nanopesticides owing to their  

slow degradation and regulated release of active 

components may provide a long-term pest control 

thus providing an effective and sustainable method to 

reduce the usage of synthetic chemicals causing 

environmental hazards. To boost their efficacy, 

nanopesticides act differently than traditional 

pesticides
25

. Therefore, usage of nanopesticides in less 

quantities and less frequently than traditional 

pesticides also help in saving water and energy. 

However, ecotoxicological aspect and risk assessment 

of these nanopesticides should also be considered to 

ensure their sustainable usage in agriculture. Studies 

have shown the effectiveness of several types of 

nanopesticide formulations on a wide range of pests. 

Silver, copper, and aluminium are examples of key 

inorganic nanoparticles with pesticidal characteristics. 

Moreover, it has been observed that polyethylene 

glycol-based nanoformulations of carbofuran and 

acephate as well as permethrin as nano formulations 

was found to be more effective against the pests than 

their commercial counterpart
3
.  

Nanotechnological applications are already being 

explored to increase the soil fertility and crop yield. 

Amalgamation of biotechnology and nanotechnology 

as sensors would result in more sensitive equipment, 

allowing earlier reaction to environmental changes
2
. 

As described below, nano-sensors have recently been 

introduced to monitor environmental health. 

• Carbon nanotube or nano cantilever nanosensors 

are tiny enough to capture and quantify individual 

proteins or even small molecules.  

• Other nanosensors function by initiating an 

enzymatic response or by employing 

nanoengineered branching molecules called 

dendrimers as probes to bind to target chemicals 

and proteins.  

• Engineered nanoparticles or nanosurfaces can be 

used to initiate an electrical or chemical signal  

in the presence of a contaminant, such as bacteria. 

• Precision farming, with the use of smart sensors, 

will eventually allow increased agricultural output 

by delivering precise information, thereby 

allowing farmers to make better decisions. 

 

Nanotechnology as renewable & economical 

energy alternative  
Global energy consumption is rising as the world's 

population and economy is expanding. Energy 

production from traditional sources such as fossil and 

mineral fuels has now increased the environmental 

effect owing to quicker depletion of fossil fuels. It is 

predicted that global energy consumption would rise 

by 44% between 2006 and 2030
26

. As a result,  

the utilization of renewable energy sources for 

sustainable and green energy production has lately 

received global attention
27

. Bioenergy, geothermal 

energy, hydropower, ocean energy, solar energy, and 

wind energy are all examples of renewable energy 

sources. Nanotechnology has immensely augmented 

the alternative energy resources in order to greet the 

burgeoning global energy demands. Innovations in 

this area has led to reduced consumption of energy 

and shrinkage of toxicity burden on environment. 

Enhancing the energy efficiency, sustainable energy 

production, energy conversion, energy storage, and 

energy saving are the various approaches employed in 

environment nanotechnology
5
.  

 

Nanotechnology for efficient energy conversion  

Employment of nanotechnology could be done to 

generate green energy via manufacture of solar and 

fuel cells, which are commercially viable alternative 

for clean energy sources. 
 

Solar cells 

Solar cells, also known as photovoltaic cells, 

convert the solar energy into electrical energy and are 

comprised of a semiconducting material silicon. 

These traditional solar cells have low efficiency 

(14%) and significant production costs. Even though 

solar energy is abundant, photovoltaic technology 

accounts for just 0.04 % of the world's total 

fundamental energy supply
28

. First-generation solar 

cells which continue to dominate the market were 

mostly built on silicon wafers have performance 

efficiency of 15-20% only
29

. Further, thin film 

technology was used to create the second-generation 

cells, which employ amorphous silicon, cadmium 

telluride, and copper indium gallium diselenide. 
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Although there was a large cost reduction however, 

owing to technological issues and stability their 

efficiency (10-15%) remains even lower than the first 

generation
30

. Recently, third-generation solar cells 

which are still in its infancy, have been designed 

using nanocrystals and nanoporous materials, and 

these may prove to be more promising alternative. 

Solar cells may be classified into three varieties based 

on nanotechnology: dye-sensitized solar cells, hybrid 

organic solar cells, and quantum dot solar cells. In 

these solar cells, light energy conversion and capture 

are achieved by modifying a nanostructured 

semiconductor capture interface with a dye, conjugate 

polymer, or semiconductor nanocrystal, respectively. 
 

Fuel cells 

A fuel cell is a device that transforms chemical 

energy from a fuel into electrical energy via an 

electrochemical reaction between a hydrogen-

containing fuel with oxygen or another oxidizing 

agent
31

. The fuel cell market has expanded quickly in 

recent years and these cells may be utilized for a 

variety of purposes, including transportation power, 

portable power generation, and stationary power 

generation. A fuel cell could carry on a variety of 

fuels, including hydrogen, methanol, and ethanol. 

Furthermore, if hydrogen is utilized for fuel cells, 

there will be no carbon gas emissions. When 

compared to other energy conversion devices, fuel 

cells feature minimal emissions, great efficiency, and 

portability. Nonetheless, high capital costs and short 

lifetimes are some of the drawbacks of fuel cells
5
.  

It is interesting to note that recent nanotechnology 

research has produced several promising 

nanomaterials and efficient membranes which could 

make fuel cells cheaper, lighter, more efficient, and 

long lasting.Further, the cost of catalysts used in  

fuel cells for generating hydrogen ions from fuels  

like methanol is reduced by intervention of 

nanotechnology. Previous investigations have shown 

that modified carbon nanotubes (doped with nitrogen 

or coated with an electron-drawing polymer 

polydiallyldimethylammonium chloride) may exhibit 

better nanocatalytic activity and are capable of 

replacing the widely used platinum in fuel cells. It has 

been observed that the power output of a fuel cell 

utilising carbon nanotube electrodes is better than 

their platinum counterpart. Moreover, unlike 

platinum, their catalytic activity is not harmed by 

carbon monoxide when utilising methanol as a fuel, 

which further increases the cell's lifetime
32

. Further 

research has shown use of a nanoporous Metal-

Organic-Framework (MOF) to store gases such as 

hydrogen or methane.  

 

Nanotechnology for storage of energy  

Efficient energy storage systems are also required 

in addition to sustainable energy generation which 

employs renewable energy technologies. Some of the 

potential electrical energy storage systems that use 

nanotechnology, such as rechargeable batteries and 

supercapacitors, are discussed here. 

 

Rechargeable batteries 

High energy rechargeable lithium-ion batteries 

have a wide range of uses in consumer electronics, 

portable power devices, and electric vehicles
33

. Even 

though lithium-ion batteries have captured > 82% of 

the small portable market in a few years, there are still 

certain issues like greater costs, toxicity, and the 

charging voltage which is too high (for lithium  

cobalt oxide) and dangerous for electric cars. As  

a result, nanostructures are being developed to 

improve power performance and battery specific 

energy by creating new electrode materials and 

electrolyte solutions. 

To improve safety, graphite anodes can be replaced 

with nanostructured materials such as nanowires, 

nanorods, and nanoporous materials. Si nanowires,  

Ge nanowires, and carbon-coated silicon nanowire 

array films are examples of recent advancements in 

ultrahigh capacity anode materials
34,35

. Furthermore, 

Si graphene composite electrodes for lithium-ion 

batteries perform better, while tin nanoparticles 

coated with carbon integrated with graphene perform 

better in terms of cycle performance and 

conductivity
36

. CNTs are also widely used as an 

electrode material in rechargeable Li-ion batteries
37,38

. 

Similarly, nanostructuring the cathode improves 

energy storage and charge cycle stability, and 

nanomaterials such as LiCoO2, LiFePO4, LiMn2O4, 

and LiMn2O4 are often utilized
39

. Furthermore, the 

addition of metal oxide NPs to polymer electrolyte, 

such as SiO2, TiO2, Al2 O3, ZrO2, Sn2O3, and LiAlO2, 

increases its performance
40

. 
 

Employment of nanotechnology as energy saver 

One of the most important methods to satisfy our 

future energy demands is by saving energy. By using 

inorganic and organic semiconductor materials, 

nanotechnology can give new approaches to boost the 

efficiency of energy usage. 
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Thermal insulation 

Aerogels are nanostructured extremely porous 

materials with exceptional thermal insulation 

qualities. They have a wide range of applications in 

homes and commercial facilities, including oil 

pipelines and space mission
41

. Super thermal 

insulation is a term used to describe silica aerogel 

with low thermal conductivity, which is frequently 

employed in the building industry
5
. Nanocarbon 

aerogels with high energy storage capacity are 

employed as electrode materials in supercapacitors, 

which include hydrogen storage
42

. 
 

LED and OLED lighting 

The light-emitting diode (LED) is one of the 

potential lighting sources that is now being researched 

intensively, and it is theoretically more energy 

efficient than fluorescent bulbs. To achieve high 

efficiency and good rendering capabilities, a 

semiconductor material utilized in LED applications 

must have high crystallinity as well as an adjustable 

band gap. Because of their crystal clarity and 

adjustable emission, semiconductor nanostructures 

such as Quantum dots are widely researched for the 

creation of light-emitting materials
43

. Various 

nanostructures are available for energy saving 

applications. Their increased efficiencies have been 

attributed to heat flow impedance caused by phonon 

scattering at the interfaces of nanomaterials
5
. 

 

Grey areas in nanotechnology 
Nanomaterials have exceptional qualities, and its 

products can assist the environment and the economy, 

yet nano composites may potentially degrade the 

environment in many other ways. Environmental 

consequences and hazards related to nanotechnology 

are poorly understood and inconsistently assessed
9
. 

The following are some of the potential 

environmental consequences of nanotechnology: 

• High energy requirements for nanoparticle 

synthesis, leading to high energy demand  

• Diffusion of toxic nanosubstance’s causing 

environmental harm 

• Lower recovery and recycling rates of nanomaterials 

• Lack of environmental implications and risk 

assessment of nanoparticles  

• A lack of trained engineers and workers, causing 

additional concerns. 

Despite several advancements in the field of 

nanotechnology, synthesis of safe and desirable 

nanomaterials for their sustainable applications is not 

yet attained. These limitations have surfaced owing to 

the certain challenges in the field of environmental 

nanotechnology
44

. A brief account of these issues is 

discussed below. 
 

Discrepancy amid the activity, selectivity, and stability of 

nanoparticles  

The strong reactivity of the surface and 

microstructure results in excellent performance by 

enhancing the adsorptive or catalytic efficiency of 

engineered nanoparticles (ENPs) for environmental 

applications. The property of selective adsorption or 

degradation is also imperative for addressing certain 

environmental challenges. Furthermore, the severe 

and hazardous circumstances typical in environmental 

applications would readily decrease the nanocatalytic 

composition and stability, a major indicator of 

sustainability of nanoparticles. Contrary to the 

utilization of ENPs in chemical and energy sector, 

stability of nanoparticles is critically important in 

biomedical and environmental applications as 

leaching of metal from metal-based nano catalysts or 

generated intermediates may lead to formation of 

secondary contaminants
45

. Therefore, activity, 

selectivity, and stability of nanoparticles should be 

considered for rational design of nanomaterials and 

management of their applications. 
 

Lack of systematic analyses/mechanistic studies 

Along with their superior performance in the novel 

field of environmental applications, nanomaterials 

also trigger a variety of processes involving distinct 

mechanisms
46

 (Fig. 3, Table 1). The composition of 

the materials can also influence the competitive 

adsorption or catalytic activity of nanoparticles.  

Thus, the specificity and uniqueness of these novel 

working methods is dependent on the diverse 

physicochemical properties of nanomaterials 

including their shape, size, composition, surface 

attributes and hybridizations. For efficient utilization 

of environmental nanotechnology, it is essential to 

explore both, the environmental processes and 

materials science of nanoparticles. This could be 

efficiently done via amalgamation of traditional 

quenching experiments with in situ spectroscopy and 

computational investigations for mechanistic studies 

of nanomaterials. To bring theoretical results to actual 

environmental applications of nanomaterials, 

chemical engineering efforts may be of great usage. 
 

Nanopollution and nanobiointeractions, the major concerns 

Nanotechnology and nanomaterials have led to  

a wide range of biological applications, such as  

sensing, diagnosis, and healing, which would have been  
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Fig. 3 — Application of environmental nanomaterials in environmental remediations, monitoring and management 

 

Table 1 — Role of different nanomaterials for environmental remediation 

S. No. Application Nanomaterial Target Pollutant 

1.  Water remediation Carbon nanotubes Absorption of Zn (II) and Fluoride from water 

Iron Removal of nitrate from water 

Iron sulphide Degradation of lindane from drinking water 

Bimetallic Iron/Palladium Dechlorination of chlorinated ground water 

Titanium dioxide Degradation of Butachlor and dye in aqueous solution; 

PAMAM dendrimers Wastewater - Heavy metals 

Polymer nanocomposites Water - Metal ions, dyes, microorganisms 

Iron NPs Removal of Pb, Cr ions 

Titanium dioxide  Photocatalysis of water polluted from dyeing and printing process 

2.  Air and Soil remediation Titanium dioxide  Removal of benzene and toluene; Photodecomposition of phenol 

Zirconium and Niobium-doped 

titanium oxide  

Photoinduced decomposition of acetone 

Silica Biosafe insecticide 

Titanium dioxide/PVDF membrane Oxidization of nitrobenzene 

Microporous metalorganic 

framework 

Trapping of aromatic compounds 

Bimetallic Palladium-gold Dechlorination of Trichloroethylene (TCE) 

Bimetallic nickel-iron Dechlorination of Trichloroethylene (TCE) 

Silica-titania nanocomposite Mercury vapor removal 

Amine-modified PDLLA-PEG Gaseous-Volatile organic compounds  

Polyamine-modified Cellulose Gaseous-Volatile organic compounds  

Amphiphilic polyurethane NPs Soil-Polynuclear aromatic hydrocarbons 

Carbon nanotubes Adsorption of Pb2+, Cu2+, and Cb2+ ions 

Iron NPs Nickel sequestration in water 

3.  Renewable energy 

source (Solar energy) 

Iron NPs Arsenic removal 

Zinc oxide Improved photovoltaic performance of solar cells 

Photovoltaic cell 

Zinc oxide Solar cell 

Core-shell gold-silica Plasmon-enhanced light absorption in solar cell 

Silica Thermal insulation 

Gold thin film Conversion of CO to CO2 

Platinum nanoparticle Fuel cells 

Carbon nanotube Fuel cells 

Graphene Efficient solar cells 
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Impossible to achieve using their counterpart bulk 

materials. However, the repercussions of these 

applications could be fate and transport human and 

environmental exposure, as well as toxicity or health 

hazards to human bodies. Therefore, in most of the 

circumstances, emergence of nanomaterials is 

visualized as two sides of a coin where both 

opportunity and difficulty has arisen together
47

. 

Nanopollution is no longer a point of contention, but 

rather a serious threat. Concisely, basic knowledge, 

identification, and manipulation of nano-bio 

interactions are therefore the primary concerns of 

environmental nanotechnology. 
 

Lack of proper guidelines and knowledge on nanotoxicity  

Industry and education sectors will have to adapt to 

the shift in the labour dynamics/composition to adapt 

to the changes in societal developments pertaining to 

science, technology, and engineering fields
48

. A 

crucial component in minimizing the negative effects 

of nanotechnology is to have a systematized training 

programme for laboratories. Another major concern is 

that researchers working in nanotechnology do not 

completely comprehend how nanoparticles could 

influence a system, which is due to the lack of 

specific guidelines on toxicity and safe disposal of 

nanoparticles. Therefore, accessibility of toxicity 

information from the manufacturer, may simply lead 

to safe handling of nanoparticles using suitable safety 

equipment
9,48

. Furthermore, inclusion of general 

nanosafety courses in educational institutes and 

organizing nano safety seminars/conference could 

educate/benefit the scientists working in fields which 

contains nanomaterials.  
 

Ecotoxicity of nanomaterials 
Nano formulations have been used for 

environmental clean-up at a burgeoning pace. There 

are several classic examples where nanotechnology 

can be used for positive effects on the environment 

including remediation of environmental degradation, 

increasing the sources of renewable energy and  

many more. Apart from these positive effects of 

nanotechnology on the environment, there are  

several examples to showcase negative effects of 

nanomaterials on the environment
49-50

. It is of prime 

importance to understand the resulting damage to the 

environment against the cost of using them for the 

benefit of the environment. Therefore, it is vital that 

nanomaterials used for the benefit of the environment 

should be critically and rightly chosen after proper 

ecotoxicity measurement to have a huge impact on the 

environment. 
 

Potential environmental effects 

These nanomaterials can act as environmental 

contaminants and have the potential to act as 

environmental stressors affecting terrestrial and 

aquatic ecosystems
51

 and impacting ecological 

organization. Bioaccumulation of nanomaterials and 

their toxic effects have reported environmental 

burdens by many authors
52-55

. Several authors have 

also reported trophic transfer and accumulation of 

nanomaterials in terrestrial species
56-59

. Massive 

deposition of nanoparticles can also occur because of 

changes in pH, ion concentration and stabilizing 

agents
60

. The interactions of nanomaterial with other 

components of the environment also affect their 

toxicity properties. They may act as carriers and 

transport toxic materials with them. These 

nanomaterials are also known to affect the mobility, 

sequestration and degradation of known harmful 

compounds like heavy metals
61

. Nanomaterials are 

also known to alter the behaviour in wildlife and 

humans
62

. 
 

Complexity of ecotoxicity measurements 

The chemical structure of nanomaterials is very 

critical in toxicity measurements. The major problem 

in the toxicity analysis is that even a slight change in 

the chemical structure of nanomaterials will 

drastically change its properties. Another interesting 

issue related to the ecotoxicity of nanomaterials  

is nanoparticle cell interaction and nanoparticle 

metabolism in cells. It is well known that 

nanomaterials can pass through barriers of trophic 

levels, therefore, ecotoxicity measurements should be 

performed in test systems at different trophic levels 

from primary producers to secondary consumers in 

their natural habitats at all the stages. This will help to 

check biomagnification of nanomaterials in the food 

chain as organisms at specific test levels perform 

specific ecological functions. The protocols for risk 

assessment should be standardized for specific 

physiological conditions like modes of exposure, 

duration of exposure and functional levels of test 

systems. Life-cycle risk assessment should be 

included in the toxicity measurement to include the 

risks involved during transport, transformation and 

recycling of nanomaterials. An upstanding 

experimental design is therefore essential to reduce 

the risk involved due to the life-cycle of 
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nanomaterials. Many of the nanoparticles are soluble 

in water and tend to harm the environment as it is 

nearly impossible to separate them from water. This 

low /no recovery of nanoparticles is causing further 

environmental implications. In spite of the mounting 

evidence that behavioural data is not used in the 

regulatory studies, recent reports have also suggested 

that these contaminants can also affect the behaviour 

of wildlife and humans
62

. Understanding the 

behavioural patterns should also be included in the 

toxicity measurements. Continued scientific input is 

required to analyse the nanoparticle fate, behaviour, 

effect, life-cycle risk assessment so that nanoparticles 

can be precautionarily used with minimum negative 

effect and are sustainable in the long-term.  
 

Methods of ecotoxicity measurement 

Though this field of nanotoxicology is complex and 

focuses on the inherent hazards of nanomaterials, 

diverse scientific groups have recently teamed up to 

create robust, reliable and accurate set of tools for 

detection and measurement of particle size specific data. 

Number of researchers have embarked on a mission to 

understand possible mechanisms of nanoparticle 

toxicity
63

. Various possible nanotoxicology assays have 

been described in detail so far. Steps have already been 

taken and it is well documented that nanomaterials can 

cause reactive oxygen species production during toxicity 

causing oxidative stress. In vitro methods to study the 

toxicity of nanomaterials include experiments 

determining oxidative stress, cell viability, cell uptake 

and transport, DNA damage, proliferation assay, 

inflammatory changes, apoptosis assay
64,65

. In vivo 

nanotoxicity tests have been performed in Arabidopsis 

thaliana
66

, Daphnia magna
67

, Caenorhabditis elegans
68

, 

and Drosophila melanogaster
69

 and small rodents. 

Various advanced techniques like Atomic Force 

Microscopy (AFM), Biomimetic 3-D Lung-on-a-Chip, 

Carbon Fiber Microelectrodes (CFMEs), Fluidic-Based 

Cell-on-Chip (CoC), High-Throughput Nanotoxicity 

Screening, Lateral Flow Immunoassay (LFIA), Organ-

on-Chip,Precision-Cut Tissue Slices can be used to 

assess nanotoxicity at the level of excellence
69

. A lot of 

work has been done to assess nanotoxicity but still our 

knowledge base to interpret toxicity data is 

insufficient.Hence more studies are required to assess 

nanotoxicity of nanomaterials and fill in our knowledge 

gaps
70

. Recently nanoinformatics has strived as a major 

overhaul leading to phenomenal outcomes
71

. It provides 

computational approaches for functional discoveries of 

nanotoxicology assessment and data management and 

helps to expand our toolbox for the same. Innovative 

methods for ecotoxicity measurement are required to 

protect environment and human health. 
 

Conclusion 

Nanotechnology has tremendous potential which is 

not yet fully explored. It is pertinent to include safe 

designing of nanomaterials, toxicity testing using 

model organism, ecological impacts of engineered 

nanoparticles andtheir risk assessments. 

Nanotechnology has immense potential in agriculture 

fields, including nano-agrochemicals, nanofertilizers, 

nanopesticides, water management, wastewater 

treatment, natural disaster management, drug delivery, 

diagnosis, with nanotubes, plant genetics, disease 

prevention, (e.g. nanobiotic-Ag), aquaculture and 

fishery, nutraceuticals, drug delivery breeding of farm 

animals, etc. In the recent years, severe consequences 

of nanotechnology have been observed in different 

environmental segments contributing to 

contamination of soil, air, and water. Owing to their 

larger surface area, chemical manufacturing processes 

and increased toxicological pollution, engineered 

nanoparticles may cause more damage to the 

environment than the bulk particles. However, in 

depth knowledge of the environmental effects and 

risks of nanotechnology is still restricted and 

unpredictable. Therefore, despite the wide 

applicability of environmental nanotechnology, 

rational designing and better exploitation of 

nanomaterials is the need of the hour. Currently, fate 

of nanoparticle in the environment remains unknown 

due to a crucial lack of baseline data. Pertinent 

research on these lines will undoubtedly encourage 

efficient utilization of nanotechnology while 

alleviating negative environmental impacts. 
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